Abstract. Nitrogen oxide (NO x =NO+NO 2 ) observations were made at the Mt. Bachelor Observatory in central Oregon, USA (MBO; 2.73 km above sea level) during one autumn and three springtime (15)(16)(17)(18)(19)(20) periods. This is the first study to discuss interannual variability in NO x for this region. Terra ) results, we show that during autumn our site can be heavily influenced by wildfires in western North America. This is in contrast to springtime, when the smaller positive (i.e., right) tail of the NO x distribution is driven largely by Asian long-range transport (ALRT) events.
Introduction
NO x (=NO+NO 2 ) is an important tropospheric constituent because of its role in the production and loss of O 3 , regulation of OH radicals and formation of acid rain. In the lower troposphere, NO x sources are mostly anthropogenic, resulting from the combustion of fossil fuels. However, biomass burning and microbial emissions in soils can be large natural contributors in non-urban regions (van der A et al., 2008) . Aircraft emissions provide fresh anthropogenic NO x in the upper troposphere, while lightning can produce large amounts of NO x in regions where deep convection is present.
The atmospheric lifetime of NO x can vary depending on the photochemical environment, but is typically on the order of hours to a day (Seinfeld and Pandis, 1998) . Given
Published by Copernicus Publications on behalf of the European Geosciences Union. 6044 D. R. Reidmiller et al.: NO x in the BL and FT at Mt. Bachelor this relatively short lifetime and the fact that NO x sources are highly concentrated in urban centers, there is substantial heterogeneity in the distribution of NO x at the surface. Similarly, since the majority of NO x sources are confined to the surface layer and its lifetime is short, there is a very strong vertical gradient in NO x with concentrations peaking in the boundary layer (BL) and typically reaching a minimum in the free troposphere (FT) (Seinfeld and Pandis, 1998) . These characteristics of NO x make it a difficult compound to simulate accurately in chemical transport models (Thakur et al., 1999) .
By largely controlling the abundance of O 3 , total reactive nitrogen (NO y ) plays a critical role in the overall oxidizing capacity of the troposphere. In particular, the partitioning of NO y evolves during the emission, export and long-range transport of pollution. Far from emission sources, NO y in the FT is typically composed primarily of HNO 3 and peroxyacetyl nitrate, or PAN (Koike et al., 1996; Kondo et al., 1997) . The relative amounts of NO x vs. other NO y reservoir species is a strong function of temperature, oxidant concentrations and the distribution and abundance of volatile organic compounds (VOC). If there is substantial PAN decomposition, the resulting NO x can lead to O 3 production in regions far downwind from pollution sources (Kotchenruther et al., 2001a; Hudman et al., 2004; Zhang et al., 2008; .
Emissions inventories and satellite observations have revealed a dramatic increase in NO x emissions in the developing world, particularly in South and East Asia (Richter et al., 2005; Ohara et al., 2007; Zhang et al., 2008) . The most pronounced growth in NO x emissions has occurred in Eastern China (van der A et al., 2008) , making the study of pollution export, its evolution during long-range transport (Bertram, 2006) and its downwind air quality impacts from this region of particular interest (Reidmiller et al., 2009a; Cooper et al., 2010) .
During the long-range transport of Asian pollution to North America, which peaks in spring (e.g., Jaffe et al., 1999) , Koike et al. (2003) show that 30-40% of NO y released in the Chinese BL is transported to the Western Pacific atmosphere between 0-7 km. Of this NO y , only a very small fraction (∼0.5%) remains as NO x ; most of the NO y is in the form of either PAN or HNO 3 . In the FT over the Pacific Ocean, much of the HNO 3 is deposited/scavenged, leaving PAN as the primary NO y reservoir for the original Asian NO x emissions (Bertram, 2006) . Since the lifetime of PAN is temperature-dependent, a springtime climatological region of subsidence off the west coast of North America facilitates the release of NO x from the thermal decomposition of PAN. This leads to net O 3 production in an otherwise minimally polluted environment (Kotchenruther et al., 2001a; Hudman et al., 2004; Zhang et al., 2008) .
Utilizing mountain-top trace gas observations
Trace gas measurements in the FT are far less abundant than those in the BL. However, such observations are essential to fully understand chemical processes and transformations occurring during long-range transport. Furthermore, mountaintop observations in the FT serve a vital role in testing chemical transport models (Thakur et al., 1999) , which in turn provide the basis for many a priori satellite retrievals (Martin et al., 2003; Emmons et al., 2007) . In particular, NO x observations in the FT are important because the reduced specific humidity and surface loss processes inhibit O 3 destruction which, when coupled with low NO x levels found in the remote FT, results in more efficient photochemical O 3 production aloft .
However, great care must be exercised in interpreting observations from a mountain-top site. Diurnal and seasonal changes in the local flows (upslope vs. downslope winds) can bring varying degrees of BL-influenced air to a station as high as 4 km above sea level, a.s.l. (Forrer et al., 2000; Kleissl, et al., 2007) . We use observations from the Mt. Bachelor Observatory, MBO (43.979 • N, 121.687 • W; 2.73 km a.s.l.) to better understand the diurnal changes in upslope vs. downslope flows at mountaintop observatories.
Measurements from MBO have led to a several new discoveries. Jaffe et al. (2005) determined that the Hg/CO ratio can be used as a chemical signature for ALRT pollution plumes as we discuss in Sect. 3.5. extended this analysis to quantify the influence of Asian and biomass burning emissions at MBO. Swartzendruber et al. (2006) revealed that FT air tends to have large amounts of reactive gaseous mercury whereas wet, BL-influenced air tends to have far less of this form of Hg. Wolfe et al. (2007) measured acyl peroxy nitrates to detect ALRT plumes during the INTEX-B campaign. Reidmiller et al. (2009b) compared the interannual variability of ALRT events at MBO from spring 2005 to spring 2006 using the LRT3 index (Liang et al., 2005 ) that we use here in Sect. 3.4. Finley et al. (2009) quantified the amount of particulate mercury emitted from regional (Pacific Northwest) wildfires and found that it amounts to 15% of the total mercury emitted from these fires. measured peroxyacetyl nitrate (PAN) at MBO during spring 2008 and characterized the synoptic conditions and O 3 production in several ALRT plumes with results relevant to our findings in Sect. 3.5. This study seeks to add to the expanding role MBO plays in better understanding atmospheric chemistry in the FT.
Given this context, we sought to answer the following questions using data from one autumn (28 August-9 October 2008) and three spring (15 April-20 May) campaigns:
(1) How does the BL influence at the summit of Mt. (Fig. 1a) . Many studies have used data from MBO to understand the long-range transport of Asian pollution to North America (Jaffe et al., 2005; Weiss-Penzias et al., 2006 Wolfe et al., 2007; Strode et al., 2008; Zhang et al., 2008 Zhang et al., , 2009 Reidmiller et al., 2009b; . Mt. Bachelor is home to a ski resort with all electric ski lifts (Fig. 1b) . The only emissions at the summit are due to the occasional passes of snow-grooming equipment. Contamination from these groomers is easily identified by spikes in NO x , CO and the aerosol absorption coefficient, and these periods have been removed from the data used in this analysis. The nearest populated areas are Bend, Oregon (pop. 65 210), 31 km to the east and Redmond, Oregon (pop. 21 109), 53 km to the northeast. Winds at the summit usually have a strong westerly component, so it is rare that anthropogenic pollution from either town reaches the station. Eugene, Oregon (pop. 142 180) is 140 km west and is the only major population center between MBO and the Pacific coast.
Trace gas species including O 3 , CO, speciated Hg, and aerosol optical properties have been measured since 2004 along with a standard suite of meteorological parameters including temperature, relative humidity, wind speed and direction and ambient pressure (e.g., Weiss-Penzias et al., 2006; Swartzendruber et al., 2006; Wolfe et al., 2007) . NO x and PAN observations began in 2007. The sampling inlet for gaseous measurements is 5/8 OD PFA tubing and is located ∼15 m above the instrument room and 4 m above the roof of the building. Ambient air is drawn through a 1 µm Teflon filter and into a Teflon gas distribution manifold at a rate of ∼20 Lpm, resulting in a residence time of ∼2 s. All trace gas measurement systems are connected to this manifold, except the Hg instrumentation, which has its own specially-designed inlet . The sampling of aerosols is described elsewhere . All times are listed as Pacific Daylight Time (PDT=UTC -07:00 h), unless otherwise noted. All statistics are listed as mean±1 standard deviation (σ ), unless otherwise noted.
NO x measurements

Instrument design
Nitrogen oxides (NO and NO 2 ) were measured using a two-channel chemiluminescence instrument manufactured by Air Quality Design, Inc. (Colorado, USA, http://www. airqualitydesign.com/). The technique of chemiluminescence for detection of atmospheric NO x has been wellestablished and evaluated (e.g., Drummond et al., 1985; Carroll et al., 1985) . A detailed description of the system, its calibration and a detailed error analysis is given by Reidmiller (2010) . We briefly describe the unique attributes of our system here.
Ambient air is pulled into the NO x system as described in the previous Section. The airflow is split into an NO channel and a NO x channel (NO 2 is measured differentially via this channel, so henceforth we refer to this as the NO 2 channel). During the measure mode, a large excess of O 3 is introduced into the ambient airflow in a cylindrical reaction chamber immediately in front of a red-infrared-sensing photomultiplier tube (PMT). Excess O 3 is created by running 100 cm 3 /min of high purity O 2 through a high voltage discharge tube which is then added to the ambient air sample stream. To zero the system (which is done every 5 min after a 5 min measure cycle), the excess O 3 is injected into a "zeroing volume" where it reacts with the ambient air upstream of the PMT, thereby preventing any photon detection. Since most interference reactions are slower than the NO+O 3 reaction (which produces an excited state NO 2 molecule, NO * 2 ), the signal detected when O 3 is injected into this zeroing volume can be subtracted from the signal measured when the O 3 is added directly to the reaction chamber, resulting in a signal from the NO * 2 to NO chemiluminescence alone (Lee et al., 2009) . A red filter is used to eliminate photons from chemiluminescence at shorter wavelengths.
Detection of NO 2 occurs as NO following photolysis in the ultraviolet range using a Blue Light NO 2 Converter (BLC, Air Quality Design, http://www.airqualitydesign. com). Buhr (2004) describes the NO 2 converter design and initial testing with results showing it performs better than previous models of NO 2 converters. Lee et al. (2009) discuss its successful deployment at the Cape Verde Observatory. The BLC has a 17 mL photolysis chamber, which allows a 1 s residence time at a flow of 1 sLpm. On either end of this reaction chamber is a series of light emitting diode (LED) arrays which produce UV radiation between 385-405 nm. Using a UV light source (versus traditional thermal converters) provides the advantage of specifically converting NO 2 and not HNO 3 , PAN or other NO y species. Furthermore, the LED-based method employed by the BLC avoids heating the sample significantly, which eliminates the production of NO 2 from the thermal decomposition of PAN.
Instrument calibrations
Standard addition calibrations are conducted automatically every six hours and consist of 10 cycles. The first four 5 min cycles involve zeroing the system by adding the NO calibration gas to the NO or NO 2 channels with and without a UV Pen-ray lamp activated. This UV lamp produces O 3 from hydrocarbon-free air for the gas phase titration of NO to NO 2 . This allows for an instrument calibration of NO 2 . These cycles add the excess O 3 upstream of the reaction volumes. The next two cycles are the typical 5 min zero and measure modes. In the final four calibration cycles, the NO calibration gas goes through the same four cycles as for the zeroing part of the calibration cycle, except this time the excess O 3 is injected directly into the reaction volumes (with 2-3 min added for equilibration).
The zeroing efficiency in both channels remained above 0.98 for all four measurement seasons (1.000±0.003 and 0.999±0.006 for the NO and NO 2 channels, respectively).
The NO sensitivity in the NO channel was 3.4±0.3 counts/pptv. The NO sensitivity in the NO 2 channel was 2.9±0.4 counts/pptv; the NO 2 sensitivity in the NO 2 channel was 1.6±0.4 counts/pptv. The minimum values in all these statistics were recorded during times when one of the ozone generators was under repair. When one of the two O 3 generators is under repair, O 3 is still being provided to the system, but at about half the concentration as when both O 3 generators are operating normally. As a result, the instrument sensitivity is at a minimum when less O 3 is available for the chemiluminescent reaction necessary for the detection of NO mixing ratios. The NO 2 conversion efficiency was 0.54±0.11, on par with values from other groups using the BLC NO 2 converter (M. Buhr, personal communication, 2009 ). The 5 min NO and NO 2 detection limits were 4±1 and 10±3 pptv, respectively, where detection limit is defined as 3× the standard deviation of a blank measurement (Winefordener and Long, 1983; Keith, 1991) . The derivation of detection limits and other instrument statistics is provided by Reidmiller (2010) . These NO x instrument statistics are presented in supplemental Fig. 1 . Detection limits were strongly correlated with the instrument room temperature, lowest when temperatures were at a minimum. Precision in both channels was found to be 1-2 pptv for hourly averaged data (Reidmiller, 2010) .
Error analysis
To assess our system's uncertainty, we must account for the systematic errors occurring during calibration cycles and in determining artifacts. By propagating these precision and accuracy errors, we can reach an estimate for the overall uncertainty in our NO observations. The NO accuracy was calculated from the uncertainties, following the method of Lee et al. (2009): (1) ±1% each: sample and calibration gas mass flow controllers, as stated by the manufacturer (MKS Instruments, http://www.mksinst.com) and confirmed with lab tests using an Agilent Optiflow 420 flowmeter, (2) ±2%: concentration of USA National Institute of Standards and Technology (NIST) -traceable NO calibration standard, provided by Scott-Marrin or Airgas (depending on year). Both suppliers certify that the NO in N 2 mixture is stable for 2 years, (3) artifact error, described in detail by Reidmiller (2010) and briefly summarized below.
Since we expect nighttime NO values to be zero at a site such as MBO, we can use any deviation from [NO]=0 to quantify any NO artifact. These artifact values were then subtracted from the NO data (and linearly interpolated night-to-night) to provide a "true" ambient NO concentration. NO artifacts averaged over the four seasons presented here were 6±4 pptv. This σ (4 pptv) is then used to determine the overall measurement uncertainty. The root mean square of the accuracy and precision errors give a total uncertainty for daytime NO observations of 39% at 5 pptv and 20% at 10 pptv, for the hourly averaged data. NO 2 is not zero at night; therefore, we determined the NO 2 artifact in the lab using breathing air as the sample air with a series of scrubbers filled with a mixture of activated charcoal and KMnO 4 at the inlet. The measured NO 2 artifact over 6 h in the lab was 9±2 pptv. While it is possible that some of this NO 2 remained in our zero air, following Lee et al. (2009) , we place a conservative estimate on the NO 2 artifact of ±9 pptv. This combined with the extra uncertainty in the conversion of NO 2 to NO, means that the overall uncertainty for NO 2 measurements is 30% at 20 pptv and 14% at 60 pptv (for hourly averaged data).
Boundary Layer (BL) vs. Free Tropospheric (FT)
segregation of data
Previous efforts
Previous studies have recognized that trace gas data from mountaintop sites need to be segregated to isolate FT (downslope) air from BL (upslope)-influenced air. Fahey et al. (1986) , Wang et al. (2006) and Murphy et al. (2006) have all used a simple time-of-day classification to identify FT air at their Niwot Ridge (Colorado, USA), Mt. Waliguan (China) and Big Hill (California, USA) sites, respectively. Parrish et al. (1990) expanded the method of Fahey et al. (1986) to combine a time-of-day segregation with wind direction to eliminate times when outflow from the Denver metropolitan area impacted observations at their Niwot Ridge site.
Researchers at the Pico Mountain site on the Azores in the central Atlantic have used both a time-of-day technique coupled with critical values of NO x and NO y to isolate FT air (Val Martin et al., 2008a) . Kleissl et al. (2007) conducted a detailed dynamical modeling experiment along with calculations of stability parameter, vertical velocity, water vapor and various trace gases to determine the fraction of time when buoyant upslope flows influenced measurements at the Pico Mountain summit. The Jungfraujoch site in the Swiss Alps has published the most extensive studies on isolating FT or "background" air. Zellweger et al. (2000) used synoptic classifications alongside wind direction and aerosol concentrations to remove any BL-influenced periods. To select FT days, Zanis et al. (2000) used times when there were no clouds, winds >5 m/s, daily mean CO<200 ppbv, daily mean NO x /NO y <0.3 and daily mean condensation nuclei <800 cm −3 . They also used a less stringent filtering to exclude data when: (a) the daytime (08:00-20:00 UTC) mean [NO]>60 pptv and (b) the daily mean global radiation was lower than the campaign's median value. To identify FT air at Jungfraujoch, Zellweger et al. (2003) performed a detailed synoptic classification to remove: (a) föhn events, (b) periods of synoptic lifting and (c) times when there was thermallyinduced vertical transport. Balzani Lööv et al. (2008) used backtrajectories and meteorological statistics to develop a means of retrieving "background concentrations" of various trace gas observations at Jungfraujoch. All these methods have proven to be quite useful, but they are also very site-specific. At MBO, we have used several segregation techniques to date. The most popular has been a segregation of the data by specific humidity. Weiss-Penzias et al. (2006) and use percentiles of specific humidity to identify FT vs. BL-influenced air. These same studies also used specific humidity calculated from the 00:00 UTC and 12:00 UTC National Weather Service soundings from Medford, Oregon (MFR: 42.3 • N 122.8 • W) and Salem, Oregon (45.0 • N 123.0 • W) to determine a "representative altitude" for the air sampled at MBO. This technique can be misleading, however, as both these sites are on the windward side of the Cascade Range, whereas MBO is on the lee side. As a result, a thorough characterization of atmospheric stability over and downwind of the crest of the Cascades is essential to employ the sounding data correctly.
Chairlift soundings
Since there are no routine soundings within several hundred km of MBO on the lee side of the Cascades, we used a novel and opportunistic method to acquire in-situ vertical profiles of pressure, temperature (T ) and relative humidity (RH) along the northwest face of the mountain during spring 2008. We employed a HOBO (http://www.onsetcomp.com/) Model # S-THA-M002 T/RH sensor, Model # S-BPA-CM10 barometric pressure sensor and a Model # H21-002 Micro Station (to log the 1 s data). These components were sheltered in a custom-made PVC housing, specifically designed to allow ample airflow to pass over the sensors, ensuring quick response times (Fig. 1b) . The ∼0.5 m housing was attached to the back of a chair on the ski resort's chairlift that runs from mid-mountain (∼ 2217 m a.s.l.) to the summit (∼2730 m a.s.l.) where our trace gas species are measured (Fig. 1a) . Using barometric pressure as a proxy for altitude, we were able to track the temporal evolution of the BL influence on the summit from early morning (∼08:00 PDT) until early afternoon (∼13:00 PDT) on eight separate days during spring 2008. Collecting these observations on eight distinct occasions over a 6-week period facilitates a study of the BL evolution under a variety of meteorological conditions. (=NO+NO 2 ) data for all four seasons presented in this paper. "Day" is defined as 5 h after sunrise through 1 h after sunset and "Night" is defined as 5 h after sunset through 1 h after sunrise (see Sect. 3.2 
Backward trajectories
We calculated 10-day backtrajectories initialized at three separate hours at three horizontal points surrounding MBO during specific NO x events using the Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT-4) model (Draxler and Rolph, 2003 ; http://www.ready.noaa. gov/ready/open/hysplit4.html). These trajectories were calculated using global meteorological data from both the GDAS (Global Data Assimilation System) and NCEP (National Center for Environmental Prediction) Reanalysis archives. The GDAS data have a temporal resolution of 3 h and a spatial resolution of 1 • ×1 • (latitude×longitude) with a vertical resolution of 23 pressure surfaces between 1000 and 20 hPa. The NCEP Reanalysis data have a temporal resolution of 6 h, a spatial resolution of 2.5 • ×2.5 • , and a vertical resolution of 17 pressure surfaces between 1000 and 10 hPa. A third set of backward HYSPLIT trajectories were run for 5 days using meteorological data from the EDAS (Eta Data Assimilation System) archive for events which appeared to have some degree of North American continental or marine influence. The EDAS data cover the continental USA extending offshore several hundred km. The data archive has a temporal resolution of 3 h, a horizontal resolution of 40 km 2 (latitude×longitude) and a vertical resolution of 26 pressure surfaces between 1000 and 50 hPa.
Trajectories from all three archives were run at three heights (with z=200 m) surrounding the summit of MBO starting at 1500 m above model ground level since the model defines the terrain for the grid box surrounding MBO significantly below the actual altitude of MBO . Using both the GDAS and NCEP meteorological inputs at the three initialization times, three initialization altitudes and three initialization coordinates yields 54 trajectories for each event. Error in HYSPLIT trajectory calculations normal to the direction of flow is 10-30% of the distance traveled after 24 h (Draxler and Hess, 1998) . The distribution of all the median hourly NO x data for the one autumn (28 August-9 October2008) and three spring (15 April-20 May) campaigns is presented in Fig. 2 . A slightly non-normal distribution of the data is evident in all spring seasons, whereas the autumn data show a long tail skewed Diurnal cycles for the four campaigns for which we have NO x data are shown in Fig. 3 . As expected for a site like MBO that is far removed from any direct NO x emissions, the diurnal cycles for NO (Fig. 3a) show a peak during mid-day (when solar radiation is at its maximum, thereby maximizing the photolysis of NO 2 to NO) and an overnight minimum of ∼0 pptv (slight deviations from 0 pptv overnight in Fig. 3a represent the NO artifact). Daytime median NO mixing ratios peak between 20-35 pptv with lower values during autumn. The NO/NO 2 ratio in spring is higher, compared to autumm. This reflects the fact that: (1) the dates of the spring campaign (15 April-20 May) lie closer to the summer solstice (as Brasseur et al. (1999) show, photolysis of NO 2 at the altitude of Mt. Bachelor can differ by 25-50% as the solar zenith angle changes from 60 • to 0 • ), and (2) the mountain is almost fully snow-covered during spring. Honrath et al. (2000) found that irradiated snowpack at mid-latitudes can enhance NO 2 concentrations by up to 300 pptv. Both factors result in enhanced J NO 2 (photolysis rate of NO 2 ) values.
Results and discussion
Basic NO x statistics
The NO 2 diurnal cycle (Fig. 3b ) exhibits a daytime minimum (when photolysis to NO is at a maximum) and a peak shortly after sunset. This is likely due to two factors: (1) as the sun sets, NO is quickly oxidized to NO 2 , and (2) the BL influence maximizes around this time as the surface has heated up, allowing upslope flows to maximize.
As discussed earlier, since most NO x emissions are anthropogenic and its lifetime is relatively short (Seinfeld and Pandis, 1998) , we expect a strong vertical gradient in NO x , resulting in much greater NO x concentrations in the BL than in the FT. The NO x diurnal cycles (Fig. 3c ) mimic characteristics found in the NO 2 diurnal cycle, since NO 2 concentrations are almost always at least a factor of two greater than NO concentrations. NO x mixing ratios are fairly consistent from around 00:00 PDT through mid-afternoon, peaking within a few hours after sunset as a result of the diurnal pattern in upslope-downslope flows. The median NO x diurnal cycle during the autumn (Fig. 3c) campaign was far more muted, however. In contrast, the mean NO x diurnal cycle during autumn (Fig. 3d ) is substantially greater (∼40 pptv) throughout the entire day than the mean NO x diurnal cycles during spring. These results highlight the influence of a few very high NO x periods (from regional wildfires) on the overall seasonal NO x statistics during autumn 2008.
Chairlift soundings
On 8 days during the spring 2008 campaign we deployed the HOBO instrument to collect "chairlift soundings". From the raw T and RH data, we calculated potential temperature (θ) and specific humidity (q). Days in which there was either precipitation and/or the mountain was in-cloud for all or part of the time produced data that was not useful in providing an estimation of the onset of a BL-influence at the summit. We obtained 5 days of cloud-free data for spring 2008. Data from one such day (1 May 2008) is shown in Fig. 4 . The axes in Fig. 4a and b are inverted so the top of the plot represents the top of the mountain. These plots show 26 round-trip ascents and descents of the chairlift. The increases in T (Fig. 4a) and q (Fig. 4b) observed at the summit of the mountain (i.e., at the bottom part of the magenta and orange lines, respectively) coincide with a substantial (∼50%) increase in NO x . This simultaneous increase in meteorological and chemical parameters typical of BL-influenced air indicates that some sort of airmass transition is occurring at the time highlighted by the yellow box in Fig. 4 . Berg and Stull (2004) present "mixing diagrams" (q vs. θ) from the Boundary Layer Experiment in 1996, which took place over the Southern Great Plains region of the USA. Such plots are useful in identifying BL vs. FT air since the BL is typically well-mixed and so these parameters are constant with height. In contrast, FT air can be seen when both q and θ change with height. It follows, then, that a change in airmass type (i.e., a BL-influence) could be detected by a change in the slope of q vs. θ as it approaches zero. We recognize that this region of the USA is far different from MBO (plains vs. isolated mountain); however, similar plots reveal useful information for MBO. An example from 1 May 2008 is shown in Fig. 5a . Each line in this plot is the average of 3 ascents, with all times stated as PDT (representing the midpoint of the 3 ascents). As the day progresses (gray arrow in Fig. 5a ), both q and θ increase as the air becomes more moist and warmer. Of significance is the change in the slope, particularly at the summit (denoted with cool colors) as the morning progresses. When we plot dq/dθ against time for the top ∼30 hPa (Fig. 5b) , the time when this value approaches zero is a good first estimate for when the onset of a BL influence at the summit begins (Berg and Stull, 2004) .
We then use this information, along with shifts revealed in the q, θ and T plots (yellow box in Fig. 4a, b) , and the highresolution NO x data (Fig. 4c) to pinpoint when this BL influence begins. These results are summarized in Table 2 for the 5 days we have clear-sky HOBO data. While the sample size is relatively small (n = 5 days), there is little variability in the timing, so we can use the average of these times to estimate a seasonal-mean time-of-day in which the BL influence begins atop Mt. Bachelor. This time is ∼10:15 PDT, which is ∼5 h after local sunrise. To allow a few hours of transition we identify BL-influenced data as being from 5 h after sunrise through 1 h after sunset. Similarly, we label FT data as being from 5 h after sunset through 1 h after sunrise for clear-sky days. We segregated the NO x data using this criterion with results presented in Table 1 . This time-of-day segregation technique was better than a segregation based on specific humidity at separating the high-NO x concentrations attributable to a BL influence from the lower FT NO x mixing ratios during spring. For example, using the 20th (vs. 80th) percentile of specific humidity to identify FT (vs. BL-influenced) air, NO x for spring 2007 was 111±73 pptv (vs. 125±52 pptv) -a difference of 14 pptv in the means. Similar values for the time-of-day segregation of FT (vs. BL-influenced) air for (a) spring 2007 were 106±57 pptv (vs. 131±68 pptv) -a difference of 25 pptv in the means. Segregating the NO x timeseries by percentile of water vapor yielded a smaller difference (14 pptv) between the "wet" and "dry" datasets than by segregating the timeseries by time-of-day, which yielded a "day (BL-influenced)" vs. "night (FT)" difference in NO x of 25 pptv. Similar differences are also seen in comparing the spring 2008 and spring 2009 data. In contrast, however, the specific humidity segregation is a better segregating criterion than time-of-day for the autumn 2008 NO x data. For consistency, though, we only present the day vs. night comparisons in Table 1 
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Comparison to other NO x observations
The NO x observations presented here are the first such multiseason, multi-year observations made at a remote site ideally situated to detect pollution inflow to North America. A comparison of our data with NO x data from aircraft observations in this region and from other mid-latitude mountaintop sites gives us a better understanding of its global distribution. Figure 6 highlights regions where reactive nitrogen was previously measured aboard aircraft in the Asia-Pacific-North America area. Stars in Fig. 6 depict mountaintop sites for which reactive nitrogen data have been published. Table 3a summarizes reactive nitrogen measurements from the various aircraft campaigns. As mentioned earlier, the main loss (60-70%) of NO y during transport from Chinese sources occurs when the airmass is exported out of the Chinese BL and into the Western Pacific atmosphere . The NO y /CO ratios were similar in each Asian pollution plume identified during the ITCT-2K2 campaign and significantly lower than those derived from estimated Asian emission ratios, indicating substantial removal of soluble NO y species during transport from the BL to the FT . By comparison, there is very little loss during trans-Pacific transport in the FT. The partitioning of NO y may very well shift during this FT transit, but the total NO y does not change substantially once it has been lofted into the FT. showed that NO y was primarily in the form of PAN in plumes that were transported in cold high-latitude and high-altitude regions, whereas in plumes transported in warmer, lower latitude and altitude regions, NO y was mainly HNO 3 . Table 3a are manifested more in the NO y data than in the NO x data, which is likely due to the different partitioning of NO y discussed earlier (though, again, this could be due to the few published NO x data from these campaigns). Fig. 6 . Geographic location of aircraft campaigns (depicted by shaded boxes and letters) studying pollution outflow from Asia, its transformation over the Pacific and its influence on inflow to North America. See Table 3a for details. Geographic location of Northern Hemisphere mid-latitude mountain sites (depicted by stars and numbers) with NO and/or NO x observations. See Table 3b for details. (Murphy et al., 2006) . Even during night, however, NO 2 mixing ratios are almost 200 pptv, far above what we observe at MBO. This is likely due to the fact that: (a) these are summer values (when local wildfires likely increase regional NO x concentrations), (b) the altitude is 1.86 km a.s.l., far lower than at MBO and therefore more likely to have a BL influence and (c) there is a complex recirculation of anthropogenic pollution from the Californian Central Valley influencing the site. The NO x mixing ratios observed at Niwot Ridge, Colorado (USA) in the Rocky Mountains are substantially greater than those observed at other mountaintop sites. This is largely because of the continental location of this site, coupled with the fact that it frequently samples air from the Denver metropolitan area (Fahey et al., 1986) . The Pico Mountain site on the Azores, located in the central North Atlantic, observes the lowest NO x mixing ratios of any site in the list (including MBO) due to its complete isolation from any nearby continental influences. Its location makes it an ideal site to further our understanding of the evolution of North American pollution outflow (Val Martin et al., 2008a, b) . The Jungfraujoch site in the Swiss Alps detects NO x mixing ratios that are most akin to those observed at MBO. As described in Sect. 2.3.1., a great deal of research has been done to isolate "background" or FT air Zellweger et al., 2000 Zellweger et al., , 2003 . Finally, the Mt. Waliguan site in eastern China is the highest above sea level on our list, yet also observes the largest levels of NO y . However, it is situated on the Tibetan Plateau, so its height above sea level is significantly higher than the surrounding plains. As a result, Wang et al. (2006) attribute the elevated NO y mixing ratios to the intense grazing agriculture around the mountain's base. The differences among these sites is not purely due to differing regional geographies, but also regional changes in NO x emissions from 1984-2009 (when NO x observations listed in Table 3b were obtained).
Comparisons to aircraft observations
Copernicus Publications
Comparisons to ground-site observations
C-130 aircraft fly-by of Mt. Bachelor during INTEX-B campaign
During spring 2006, MBO participated in NASA's INTEX-B campaign ). On three days, the National Center for Atmospheric Research C-130 aircraft made "fly-by's" of MBO to allow an inter-platform comparison of various measurements. Table 4 summarizes the comparisons of MBO vs. C-130 NO and NO 2 /NO ratio (C-130 data provided by G. Chen). Recall, during 2006 NO 2 data was not available, so we have used the hourly median NO 2 data from MBO for the month and hour during which the C-130 flew by the mountain (e.g., 24 April 2006 at 12:08 PDT was the first fly-by, so the 2007-09 median NO 2 mixing ratio for the 12:00 PDT hour during April from MBO is used in the comparison). These comparisons show that there was excellent agreement (no statistically significant differences) in the NO data, from concentrations ranging from 10-40 pptv. We use the NO 2 /NO as opposed to direct NO 2 comparisons, since we are capable of making direct comparisons of NO data from the two platforms. Median NO 2 /NO ratios aboard the C-130 during the four fly-bys ranged from 0.9-3.7 (all fly-bys occurred between 10:00-16:00 PDT). Median NO 2 /NO ratios at MBO for the hours of the fly-bys during the month of relevance ranged from 2.3-3.2, so the ranges are comparable. We recognize, as Chameides et al. (1990) stated, that large, random variations are associated with NO x measurements in the remote FT, making comparisons of NO 2 /NO from individual time intervals statistically meaningless. However, we took great care to devise a metric from the MBO NO x data that would be representative for comparison with the C-130 aircraft data. In the end, this is the best we can do with the available data. 
Explaining interannual variability in NO x observed at MBO
As discussed earlier, the majority of global NO x emissions are anthropogenic. As a result, interannual variability in NO x at a site like MBO that is far removed from sources is likely to be driven by changes in meteorology (Delmas et al., 1997) . Figure 7 shows the 600 hPa synoptic climatology in (a) geopotential height, (b) vector winds, and (c) vertical velocity for spring (15 April-20 May) over the AsiaPacific-North America region (from NCEP reanalysis, http: //www.esrl.noaa.gov/psd/data/composites/day/). Figure 7a , b illustrates the strong southwesterly flow (in the western Pacific) followed by intense zonal flow across the Pacific -a situation that facilitates the long-range transport of pollution from Asia to western North America (Liang et al., 2005) . Figure 7c completes the meteorological picture showing subsidence over the western USA that is strongest off the coast of California. Zhang et al. (2008) have shown this to be a region of strong O 3 production due to the thermal decomposition of PAN as airmasses subside. These plots of seasonal mean synoptic patterns show that the vast majority of air arriving at MBO has traveled north of ∼35 • N. As a result, synoptic anomalies in this North Pacific region are likely to affect air arriving at MBO. Springtime anomalies in geopotential heights and vector winds for 2007, 2008 and 2009 are shown in Fig. 8 for the same region presented in Fig. 7 . Anomalies in these parameters can change the efficiency of trans-Pacific transport. Two striking features can be seen, as highlighted with white boxes in Fig. 8c , f. First, anomalously high geopotential heights are seen in the FT over the northern Pacific and Alaska. Anomaly plots for air temperature (not shown here) mirror those presented in Fig. 8c , with anomalously high geopotential heights strongly linked to anomalously warm temperatures. For example, in the region where the geopotential height anomaly is greatest in Fig. 8c (+90 hPa) , the accompanying temperature anomaly is +4 • C. If PAN was a significant contributor to NO x observed at MBO and air arriving at MBO traveled through this region (as have shown it can), then relative to the two previous spring seasons, as PAN was transported through this region of the North Pacific during spring 2009 more NO x would be released due to the shorter lifetime of PAN under warmer temperatures. The anomaly of +4 • C corresponds to a change in mean temperature in this region at this altitude from a climatological value of ∼−12 • C to −8 • C. This translates to an approximate decrease in the PAN lifetime from ∼680 sunlit hours to ∼200 sunlit hours. As show, this change could result in substantial re-partitioning of NO y from PAN to NO x in the NE Pacific during spring. Transport from this region to MBO is ∼3-5 days, which is greater than the lifetime of NO x . Thus, we might expect lower NO x at MBO during spring 2009 due to this anomalous synoptic feature.
Another anomaly exists in FT vector winds during spring 2009. To analyze these anomalies in more detail, we explore the interannual variability in the LRT3 index developed by Liang et al. (2005) . Briefly, the LRT3 index is based on sea level pressure (SLP) anomalies over the North Pacific and identifies stronger than normal Pacific High and Aleutian Low pressure systems. Enhanced trans-Pacific transport occurs when this index is positive and is characterized by a stronger than normal meridional pressure gradient and thus by enhanced westerly flow over • N in the central North Pacific. In contrast, reduced trans-Pacific transport is characterized by a weaker than normal contrast between the Aleutian Low and Pacific High (and thus a weaker westerly flow) and a jet confined within the northwest Pacific. Liang et al. (2005) found that their LRT3 index captures 42% and 55% of the monthly and interannual variance in trans-Pacific transport, respectively. It was developed to better understand the ALRT of CO, a relatively long-lived species, but it is relevant to shorter-lived species such as NO x since the timescales involved are monthly/seasonal averages. Table 5 . Again, we see that 2009 is the only year of the three that has negative LRT3 values for both April and May. This data corroborates our conclusion from the NCEP meteorological analyses (Fig. 8) Table 6 ). Slopes of the trace gas relationships were determined using hourly data from 4 h prior through 4 h after an event. This analysis revealed two broad classifications of events: "Imported" or "North American". (Example backtrajectories for a selected event in each classification are shown in Supplemental Fig. 2 .) Ten events fall in the former category and five in the latter; three yielded backtrajectories that led to an inconclusive assignment in probable source region and two indicated a mix of air from both regions. Most events (n = 13) either did not have a statistically significant TAM/CO correlation (p < 0.05) or Hg data was unavailable. Weiss-Penzias et al. (2007) calculate a statistically significant TAM/CO slope of 0.0046±0.0013 ng/m 3 /ppbv for 10 ALRT events at MBO from 2004-05. However, our analysis reveals that this ratio varies greatly with no consistent pattern for plumes we attribute to either "Imported" or "North American" based on our backtrajectory analysis. If the NO x /CO slope is large, it is indicative of a concentrated NO x plume and, therefore, is most likely to be from regional (i.e., "North American") sources. This is supported by the one plume we are certain is from this source region: 22 April 2007. In contrast, "Imported" plumes either show no significant NO x /CO correlation or a far lower value than those from a North American source. Plumes in which there is substantial subsidence (classified as "Imported" in Table 6 ) quite often (seven out of ten cases) have no significant correlation between NO x and CO, suggesting that these events are decomposition of background PAN in the FT as opposed to the subsidence of a concentrated Asian plume.
To characterize conditions conducive to delivering high NO x in FT air, we examined meteorological data (NCEP reanalysis data) for the date two days prior to each event at MBO (to allow time for transport to the site). These results are shown in Fig. 9 . The left column shows the FT synoptic conditions (geopotential heights, air temperature, vector winds and vertical velocity) for the 10 Imported events; the right column illustrates the same parameters but for the 5 North American events. We show results for 700 hPa, but similar patterns in the anomalies are seen throughout the troposphere (800 hPa through 500 hPa). Distinct differences are seen between the two groups. For the Imported events, anomalously high geopotential heights extend from the Aleutian Islands southeast to Baja California, with a maximum anomaly just off the Oregon coast. As alluded to earlier, these anomalously high geopotential heights (Fig. 9a) are associated with anomalously warm temperatures (Fig. 9b) . Figure 9d shows that the coastal USA region experienced anomalously large subsidence rates during these events, as well. This synoptic set-up would support enhanced PAN decomposition relative to the mean state (Fig. 8c) .
In contrast, a stark difference in FT synoptic anomalies is observed for the North American events. Remarkably low geopotential heights (Fig. 8e) dominate the eastern-central Pacific and are associated with anomalously cool temperatures throughout the Pacific Northwest region of the US and into the Northeast Pacific (Fig. 8f) . These conditions are manifested in all 5 events (i.e., the anomalies presented in the right column of Fig. 8 are not driven by one or two very strong events). The vector wind anomalies (Fig. 8g) illustrate the strength of the cyclonic flow in the east-central Pacific associated with convection (negative vertical velocity anomalies, Fig. 8h ). To better understand where the high NO x concentrations may be coming from in these events, we ran 5-day forward trajectories from various urban centers in central California (e.g., San Francisco, Sacramento). The results are not shown here, but in 4 of these 5 events forward trajectories from these cities either pass over MBO or flow into this off-shore region of cyclonic flow. Once air is in this strong low-pressure center off the coast, trajectories cannot resolve their pathways further. However, it is probable that this air was subsequently brought ashore as the low center and its accompanying fronts traveled eastward. These analyses show that large FT NO x concentrations at MBO are not limited to the long-range transport of Asian pollution. Despite being <200 km from the coast with no large industrial facilities or urban centers between MBO and the coast, our site is still influenced from North American emissions -even during times when we believe to be sampling FT air (i.e., dry, overnight periods). In several cases, it seems quite likely that the high FT NO x mixing ratios observed at MBO appear to be some mix of Asian and continental North American emissions. Furthermore, even without an influence from concentrated pollution plumes, we observe elevated NO x due to the subsidence of FT air, facilitating the decomposition of background PAN. We cannot rule out entirely the possibility that NO x emitted from snowpack (Honrath et al., 2000 (Honrath et al., , 2002 Dominé and Shepson, 2002; Davis et al., 2004) on Mt. Bachelor and nearby snow-covered regions contributes to high NO x mixing ratios observed at MBO. However, this is an unlikely contributor to the FT NO x events analyzed here because: (a) there is minimal correlation between wind speeds and NO x , and (b) the process of releasing NO x from snow requires sunlight (Honrath et al., 2000) and these events all occurred overnight.
Summary and conclusions
We present NO x observations from MBO from one autumn (18 August-9 October2008) and three spring (15 April-20 May) campaigns. The performance of our custom-made NO x chemiluminescence instrument along with the newlydeveloped NO 2 Blue Light Converter was shown to be consistent and acceptable for all campaigns (Supplemental Fig. 1) . We summarized a variety of previous efforts at isolating FT air at mountaintop sites and present results from our own novel experiment involving "chairlift soundings" (Fig. 1) . Analysis of this data (Figs. 4, 5 and Table 2) suggests that the onset of a BL influence at the summit of MBO on cloud-free days during spring 2008 occurred between ∼10:00-10:30 PDT. As a result, we segregated our NO x data by a time-of-day criterion (Table 1) that termed "night" (i.e., FT) air as that being sampled between 5 h after sunset through 1 h after sunrise and "day" (i.e., BLinfluenced) air as that being sampled between 5 h after sunrise through 1 h after sunset. Segregating the NO x data this way revealed starker contrasts than segregation using specific humidity.
Using this time-of-day criterion, median NO x mixing ratios in the FT at MBO range from 55-100 pptv (Fig. 3) . These concentrations are lower than other continental mountain sites (Fig. 6, Table 3b ). This is likely due to the fact that MBO is far-removed from any major regional NO x sources, whereas most other continental mountaintop sites are directly influenced by regional anthropogenic activity. Mean FT NO x mixing ratios at MBO are comparable to values collected aboard aircraft in the eastern Pacific (Fig. 6, Table 3a ). These mean NO x mixing ratios are slightly greater than those in the central Pacific, which is likely due to NO x being released from PAN decomposition in the climatological region of subsidence off the west coast of North America. The distribution of NO x data at MBO (Fig. 2) is different during autumn (175±548 pptv) than during the spring campaigns due to regional wildfires causing prolonged periods of very large NO x enhancements.
We presented a synoptic climatology for the FT over the Asia-Pacific-North America region (Fig. 7) and explained how this impacts NO x observations at MBO. We detected a significant decline in the mean NO x mixing ratio from spring 2007 and 2008 to spring 2009. We showed that this decline was coincident with anomalously high FT geopotential heights over the North Pacific, anomalously weak westerly flow (about half what it typically is) in the FT over the central Pacific (Fig. 8) and negative LRT3 values (Table 5) indicating a reduction in ALRT. We hypothesize that these meteorological anomalies may have facilitated an earlier release of NO x from PAN decomposition and enhanced dispersion of NO x during trans-Pacific transport, respectively. To fully test this hypothesis, the non-trivial task of collecting a temperature "history" along all backtrajectories originating at MBO is needed. We plan to continue this investigation into the cause(s) of interannual variability in the future as we better characterize PAN interannual variability at MBO and compile a complete backtrajectory database.
Finally, we identified the top 20 clear-sky, FT NO x events at MBO using the time-of-day segregation described earlier.
For each of these 20 events we used HYSPLIT backtrajectories and trace gas observations from MBO to determine a probable source region for the enhanced NO x seen at our site (Table 6 ). Half (n = 10) of the events were termed "Imported", while 5 others were found to have a North American influence. To further understand what synoptic regimes are conducive to delivering large NO x mixing ratios in these instances, we examined NCEP reanalysis and found distinctly different patterns in FT geopotential heights, temperatures, vector winds and vertical velocities (Fig. 9) . Imported events are most likely to occur when the following synoptic conditions in the FT are met: (1) anomalously high geopotential heights extending from the Aleutian Islands to Baja California (2) anomalously warm temperatures throughout the Northeast-East Pacific and (3) enhanced subsidence over the entire western USA extending into the Pacific. Events with a North American influence occur when there is very strong cyclonic flow associated with low geopotential heights, cool temperatures and lifting of air in the east-central Pacific. Thus, it is possible that the recirculation of pollution emitted from the North American continent can affect air quality in remote regions.
Understanding NO x (and the associated PAN-NO y -O 3 ) chemistry in the Northeast Pacific is essential if we are to better understand O 3 production from long-range transport in this region (Fiore et al., 2009; Reidmiller et al., 2009a; Cooper et al., 2010) . Here we show that while ALRT events certainly deliver high NO x periods (facilitating O 3 production) during spring, subsidence of background air can also create NO x enhancements at MBO. Furthermore, we show that continental influences (including off-shore recirculation) can still play a large role at a remote site such as MBO, which is <200 km from the Pacific coast. We highlight the important role pollution "events" can play in outweighing impacts when averaged over an entire season. In other words, it is necessary to understand the daily-to weekly-variability of pollution transport, rather than merely investigating drivers of monthly or seasonal averages. Further exploration of specific periods of NO x , PAN and O 3 enhancements along the western North America coast is critical if we are to better plan and prepare for the impact from increasing Asian emissions and the effects a changing climate may have on air quality in this region.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/10/6043/2010/ acp-10-6043-2010-supplement.zip.
